Abstract. We have simulated by Monte Carlo method the thermal behaviour of a small (N=13 particles) cluster described by a Heisenberg model including nearest neighbours ferromagnetic interactions and radial surface anisotropy, in an applied magnetic field. We have studied three different lattice structures: hexagonal close packed, face centered cubic and icosahedral. We show that the zero field thermal behaviour depends not only on the anisotropy constant value but on the lattice structure as well. Concerning the behaviour in an applied field, it depends in addition, on the different orientations of the field with respect to the crystalline axes. These facts could be helpful to understand the dispersion observed in the deflection profiles of the Stern-Gerlach experiments. According to the orientation of the applied field with respect to the crystalline axes, hysteresis cycles show step-like character.
Introduction
Magnetic properties of clusters have been studied intensely for about two decades now. Historically a lot of experimental work has been done on ferromagnetic transition metals (TM) clusters such as Fe, Co, and Ni and consequently, the theoretical works were also mainly oriented to these type of systems. It is now widely accepted to describe them in terms of the superparamagnetic (SP) model [1] in which the individual magnetic moments of the cluster are free to explore all the phase space easily following an applied external field. This model is well adapted to the TM as their crystal anisotropies are very low. The experimental signature of this SP behaviour is found in experiments where the clusters pass through a zone where a gradient of magnetic field is present, like in a Stern-Gerlach apparatus. The measured deflections are always directed to the high field region with almost no broadening of the beam deflection profile. In addition the relationship among the measured magnetization, the temperature and the applied magnetic field can be fitted by a Langevin law. ¿From this fit the intrinsic magnetic moment of the particle may be obtained and it is found to approach the corresponding bulk value as the number of atoms, N, increases up to N ≈ 700. This approach is not monotonic and magnetization minima have been observed for clusters with closed geometrical shells [2] [3] .
Unlike the TM, rare earth (RE) clusters generally exhibit a quite different behaviour. When passing through a magnetic field gradient the deflection profile is broaden, and some of the clusters have been found to deflect also towards the low field region [4] . The magnetic behaviour is strongly dependent on N. While some clusters behave superparamagnetically, others show what is called locked moment behaviour [1] [4] [5] . In this case the individual spins are tightly coupled to the lattice by the crystal anisotropies, which are bigger than for the 3d-TM, finding it more difficult to follow the applied field. This gives rise to broad deflection profiles. This locked moment behaviour, which hasn't been observed in TM even at very low temperatures, may be observed in RE at much higher T. When the temperature is rised above a certain blocking temperature, T b , the clusters become superparamagnetic.
Another striking result is the fact that the magnetic moment per atom of Gd clusters is lower than the bulk value and in some cases it increases with the temperature [4] [5] .
The SP or locked moment behaviour of Gd clusters is still under discussion for some values of N. In [4] it has been found that Gd 22 is SP while the two neighbouring sizes behave in a locked moment way. This is constested by Gerion and coworkers [5] who found that Gd 22 keeps a locked moment behaviour for temperatures well above those measured in [4] .
The thermal magnetic behaviour of relatively small clusters has been numerically studied considering different hamiltonians [6] [7] [8] [9] [10] . All these models assumed that the anisotropy could be neglected. With this assumption the studied ferromagnetic clusters show a SP behaviour [6] [7] .
In [8] an Ising hamiltonian with antiferromagnetic first neigbours interactions was considered on icosahedral, hexagonal closed packed (hcp) and face centered cubic (fcc) lattices structures. The authors find that the magnetization increases with temperature for a wide range of temperatures in an applied magnetic field. A lattice structure dependent behaviour was also observed. This lattice structure dependent behaviour had also been found in [9] where the same model was studied for bigger clusters (up to N ≈ 500) having icosahedral and cuboctahedral lattices.
On the contrary, no peak was found in the magnetization as a function of temperature [9] .
Based on theoretical electronic calculations and a Heisenberg hamiltonian with RKKY interactions for Gd 13 , a canted spin structure has been proposed as an explana-tion for the observed magnetic moment reduction [11] . Recently, a simple Heisenberg model on a hcp lattice, including competing ferromagnetic interactions between nearest neighbours and antiferromagnetic interactions between all the other pairs has been considered [10] to allow for the canted structure proposed in [11] for Gd 13 . For some values of the ratio between the two competing interactions these authors obtain a peak in the magnetization curves as a function of the temperature.
Finally we can cite studies including different anisotropy terms. They mostly concern large clusters cut with regular shapes (spherical or ellipsoidal) out of simple cubic or spinel lattices. For these systems the difference of behaviour between bulk and surface spins has been shown as well as the contributions of finite size effects and surface effects [12] [13] [14] [15] . The influence of surface effects on the hysteresis cycle has also been shown [16] . In particular Dimitrov and Wysin [17] have studied the zerotemperature behaviour of particles in two cases: ferromagnetically coupled Heisenberg classical spins with either uniaxial random anisotropy or radial surface anisotropy.
They have studied the two (three) dimensional simple cubic lattice with the cluster having circular and rectangular (spherical and cubic) geometries. They find a step-like hysteresis cycle which is identified as a surface effect. This is also observed in a zero temperature study of spherical particles cut out a fcc lattice structure [18] .
In Stern-Gerlach like experiments the deflection of a cluster beam passing through an inhomogeneous magnetic field is measured. Each cluster is assumed to be free and its size is well known, so in principle, one can have access to the magnetization of the cluster along the field direction and, in the context of superparamagnetic theory, to the magnetic moment per atom of the cluster. On the contrary, the crystal structure of the cluster as well as the initial orientation of the crystal axes with respect to the field gradient direction remain unknown. In order to understand some of the results of the experiments on very small Gd particles described in [1] [4] [5] , we analyse the influence of the radial surface anisotropy and the lattice structure on the behaviour of a N=13 particle in finite temperature and in an applied external field.
The article is organized as follows: in Sect. 2 we describe the studied systems; in Sect. 3, we give the technical details of our calculation, and in Sect. 4 we show the obtained results. Finally, in Sect. 5, we summarize and discuss our results.
Description of the studied systems
In this article, we studied a simple model of a Gd 13 cluster.
Ab initio calculations indicate an hcp structure for this cluster [11] . Nevertheless numerical simulation results of cluster agregation starting from N=13 separated particles placed in either a Lennard-Jones or a Gupta potential [19] yield very similar cohesion energies for the hcp, fcc and icosahedral lattices. These energy values are smaller than those of other simple known structures, like simple or body centered cubic.
In these N=13 clusters, 12 atoms are at the surface, each one being at the same distance from the central spin.
It is then reasonable to expect the surface effects to have a dominant effect.
The aim of this work is to understand how the surface anisotropy term may induce a competition with the exchange term according to the different lattice structures and/or to the direction of the applied field.
The magnetism in RE elements arises due to the 4f electrons localized at the ions. It can then be reasonably modeled by the classical Heisenberg hamiltonian. In addition, for clusters, a surface anisotropy term should be considered due to the fact that the coordination number is there different from that of the bulk, inducing a change in the crystal fields [20] . For metallic clusters the existence of a surface anisotropy which is larger than the bulk anisotropy is now experimentally established. This fact has been interpreted as a consequence of the localised character of the 3d electrons at the surface [21] . Although a similar experiment on RE elements doesn't exist yet it is reasonable to expect this anisotropy to be also important for the RE clusters. In addition, studies performed on Gd surfaces [22] show the existence of a magnetic moment perpendicular to the surface.
In this work we have assumed a radial surface anisotropy and we have neglected the bulk anisotropy. Then we study the competing effects of a first nearest neighbour ferromagnetic interaction, radial surface anisotropy and external magnetic field on hcp, fcc and icosahedral (ico) N=13
clusters via the following hamiltonian:
where s i is a classical unitary Heisenberg spin, < i, j > denotes the sum over all nearest neighbours pairs, n i is the unitary vector giving the radial direction to the central spin s 1 and J > 0, K s > 0 and h are the ferromagnetic interaction constant, the radial surface anisotropy constant and the intensity of the applied magnetic field measured in units of k B respectively. In this article we fix J=1.
Calculation details
We have performed Monte Carlo simulations of the tem- In all these simulations we have used 10 6 MCS/s steps for calculation after having discarded 10 6 MCS/s steps for the thermalisation process. Average quantities were calculated taking one configuration every 100MCS/s to diminish correlations.
We define the average cluster magnetization as
and the cluster average surface magnetization,
We have also calculated the energy, the specific heat and the averages of the three cartesian components, < m x >, < m y >, < m z > as functions of the temperature and/or the magnetic field.
Results

-Zero field thermal behaviour
We have performed heating and cooling cycles for the three considered lattices structures in a range of values of the anisotropy constant 1 ≤ K s ≤ 7. Figure 2 shows the setting of average magnetization of the particle in a cooling process in zero field for different K s values and the three considered lattice structures.
First we observe that the cluster magnetization saturates at m 0 = 1 for the three considered geometries due to the surface anisotropy term. The influence of this term on the temperature behaviour of the magnetization clearly depends on the crystal structure. In all the cases the magnetization value at all temperature is ordered (from highest to lowest case) as follows:
icosahedral, fcc and hcp. This fact shows that, at fixed K s , a different degree of competition appears between the exchange and the surface term according to the considered lattice structure. We will see this fact em-phasized by the application of an external magnetic field.
As the ground state is not known for K s > 0, we used either a ferromagnetic or a random state as starting point at low temperatures. This leads to metastable states in the heating curves at low temperatures as the thermal energy is not enough to allow for the single spin flip over the energy barriers. This situation is not found in the cooling curve in which we start from a random configuration at high temperature and we sequentially lower T. At low T the states issued from a cooling process have always a lower energy than the states issued from the corresponding heating proccess. This also suggests the existence of a ground state which is not collinear (and then very difficult to reach at low T starting from an arbitrary state). Indeed the ground state magnetization is m(0) < 1 even for low
-Non-zero field thermal behaviour
We have simulated the field cooling of the system with the field applied in directions described in figure 1.
We have studied various intensities of the field ranging from 0 ≤ h ≤ 1.
In figure 3 where the anomaly is found in the zero field. This peak is confirmed by a very slow cooling process as reported in figure 3 (a).
In figure 3 T. This means that there is a contribution to the magnetization which is not in the u c direction. On the contrary when the field is in the u n direction, we can see that it is mainly the projection along that direction, m n , which is responsible for the peak on the magnetization curve. This value increases with K s , as could be expected (see figure 5 ). This is also a sign of a non collinear state and is confirmed for the high values of the surface magnetization at zero temperature (m s (0) ≥ 0.9 for K s ≥ 6). -Hysteresis loops.
Starting from a zero field cooled state (ZFC) we performed hysteresis loops with the field oriented along the directions described above. We have observed that above the temperature T a of the anomaly of the hcp lattice, no hysteresis is found. Then, to allow for comparison, we performed for all the lattices the hysteresis cycles at a T ≤ 0.1, where the hysteresis is found in hcp structure.
For the hcp lattice no hysteresis loop is observed for K s =1 but it is already present for K s =2.
We observe that the field orientation along u c gives a smoother loop than the orientation along u n for all K s values. Figure 6(a) shows that the cycle is qualitatively harder, showing small plateaux and jumps and a larger coercive field, when the field is applied along the u n direction.
For K s =3 these characteristics are kept (see Figure 6 (b)).
Hysteresis disappears only in the u c direction for K s =4
and completely for K s =5. curves. In this paper, we show that the same qualitative behaviour may be induced by a simple hamiltonian including, in addition to the first neighbours ferromagnetic interaction, a radial surface anisotropy term which is always present due to the relative importance of the surface.
When dealing with small particles almost all the atoms belong to the surface, hence it is reasonable to expect that its effect will become important. Our results show that, for the hcp structure, the one which Gd 13 is assumed to have [11] , the competition between the two terms leads to a peak in the m(T) curves for a range of K s . For the same range of K s the low temperature magnetization is decreased by the setting on of a non-collinear configuration, in qualitative agreement with the experimental results [5] .
We have also shown the dependence of the magnetic behaviour of the cluster on the orientation of the applied field with respect to its crystalline axes. In particular the low temperature value of the projection of the magneti- Most of our results are related to the fact that for small clusters the details of their structure become important.
It is reasonable to expect that some of the observed effects due to the interplay of the surface anisotropy, the ferromagnetic coupling, the direction of the applied field and the lattice structure on the magnetic behaviour of the cluster could evolve with N. This study is in progress.
